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Rice blastTo cause disease on host plants, many phytopathogenic fungi undergo morphological transitions includ-
ing development of reproductive structures as well as specialized infection structures called appressoria.
Such morphological transitions display distinct nuclear dynamics. Here we report the developmental
requirement of MoAND1-mediated nuclear positioning for pathogenesis of the rice blast fungus, Magna-
porthe oryzae. The MoAND1 gene encodes a protein that shows high similarity to Num1 in Saccharomyces
cerevisiae and ApsA in Aspergillus nidulans, both of which are cell cortex proteins involved in nuclear
migration and positioning. Targeted deletion of MoAND1 did not affect radial growth of the fungus but
impaired nuclear distribution along the hyphae, which is reminiscent of ApsA mutant. In contrast to
the wild-type, which produces three to ﬁve spores in a sympodial manner on the conidiophore, only a
single spore was borne on the conidiophore of DMoand1, resulting in 65% decrease in conidia produc-
tion, compared to the wild-type. The mutant conidia displayed abnormalities in septation pattern and
nuclear distribution, which were correlated with their inability to germinate. Spores of the mutant that
did germinate were capable of differentiating appressoria but were defective in the execution of pro-
grammed nuclear migration and positioning during development. Furthermore, mutant appressoria were
not fully functional, leading to delay in penetration of host plants. However, the ability of DMoand1 to
grow inside host tissues was comparable to that of the wild-type. All these defects greatly decreased
the virulence of the mutant. Taken together, our data suggest that there is a stringent but incomplete
developmental requirement for proper migration and positioning of fungal nuclei mediated by MoAND1
during asexual reproduction and pre-penetration phase of fungal pathogenesis.
 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-SA license
(http://creativecommons.org/licenses/by-nc-sa/3.0/).1. Introduction
Precise choreography of nuclear movement and positioning
is pivotal in the development of essentially all eukaryotes
(Gladfelter and Berman, 2009; Morris, 2000). It has been demon-
strated that defects in nuclear migration and positioning can lead
to abnormalities in development and cell fate in metazoa, slow
growth in fungi, aberrant chromosome distribution and disease
in humans (Morris, 2000; Morris et al., 1998). The paradigms forgenetic mechanisms underlying nuclear dynamics came from
studies of a few model fungal species. Studies on the budding
yeast, Saccharomyces cerevisiae and a ﬁlamentous fungus, Aspergil-
lus nidulans have shown that nuclear dynamics is governed by a
complex interplay between microtubule cytoskeleton and micro-
tubule-associated proteins (Morris, 2003; Xiang and Fischer, 2004).
Astral microtubules that emanate from microtubule-organizing
centers (spindle pole body in S. cerevisiae) interact with the cortical
sites of the cell to orient themitotic spindle toward the site towhich
the nucleus should be moved. Although, in Schizosaccharomyces
pombe, nuclear positioning mainly relies on microtubule dynamics
along with plus-end tracking proteins (Tran et al., 2001), microtu-
bule dynamics alone is not sufﬁcient and molecular motors such
as dynein is required for nuclear positioning in ﬁlamentous fungi
(Gladfelter and Berman, 2009; Morris, 2003; Xiang and Fischer,
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cortex by microtubule capture apparatus consisting of cortical
receptor, bridging protein, and microtubule tip protein (Beach
et al., 2000; Bloom, 2000; Heil-Chapdelaine et al., 2000;
Liakopoulos et al., 2003; Miller et al., 2000; Schuyler and Pellman,
2001). Following stabilization, shrinkage ofmicrotubules and a sub-
sequent sliding interaction between themicrotubule-bound dynein
and the cell cortex exerts pulling forces on the nucleus (Adames and
Cooper, 2000; Heil-Chapdelaine et al., 2000; Saito et al., 2006). In S.
cerevisiae, such sliding interaction is mediated by Num1, a cortical
protein and is required for the correct positioning of the G2 nucleus
at the bud neck of a dividing cell (Kormanec et al., 1991). In A. nidu-
lans, two orthologs of Num1, ApsA and ApsB, were reported to be
essential for even distribution of nuclei across fungal hyphae and
entry of nuclei into sterigmata during development of conidio-
phores (Fischer and Timberlake, 1995; Veith et al., 2005).
In plant pathogenic fungi, successful infection of host hinges on
the ability to undergo developmental transitions to form specialized
cells such as spores and infection structures, adding further com-
plexity to genetic programs and organelle movement (Dean, 1997;
Talbot, 2003; Tucker and Talbot, 2001). The genetic mechanisms of
nuclear dynamics and its implication in fungal pathogenesis are,
however, far from being understood in these organisms (Gladfelter
andBerman, 2009). In this study,we investigatednuclearmovement
and positioning in the rice blast fungus Magnaporthe oryzae, espe-
cially during infection-associated development.
M. oryzae is the causal agent of rice blast, which is the most
destructive disease of cultivated rice worldwide (Dean et al.,
2012). Annual yield losses from rice blast could feed 60 million
people annually, posing a signiﬁcant threat to global food security
(Talbot, 2003; Zeigler et al., 1994). Rice blast infection is initiated
by asexual spores called conidia. Conidia are produced by an
expansion and swelling of the apex of the conidiophores where
mitotic divisions of a single progenitor nucleus gives rise to a
three-celled, pear-shaped conidium (Lau and Hamer, 1998). Upon
landing on the leaf surface, the conidium germinates and differen-
tiates an appressorium, a specialized infection cell, at the tip of the
germ tube in response to environmental cues such as surface
hydrophobicity (Dean, 1997). Within the appressorium, an enor-
mous turgor pressure of 8 MPa is generated to mechanically pene-
trate plant tissues (Bechinger et al., 1999). Intriguingly, it has been
shown that appressorium formation requires nuclear migration
and the completion of one cycle of mitosis in the germ tube
(Veneault-Fourrey et al., 2006). Veneault-Fourrey et al. showed
that during spore germination on hydrophobic surface, a nucleus
migrates into the germ tube, where mitosis occurs. Following
mitosis, one of the daughter nuclei migrates into the incipient
appressorium, and the other nucleus returns to the conidium. This
triggers autophagic cell death of the spore, which is essential for
differentiation of functional appressorium, pointing out the impor-
tance of nuclear dynamics in pathogenic development of the fungus.
In an attempt to understand the impact of nuclear dynamics on
fungal development and pathogenesis, we targeted MoAND1, an
ortholog of Num1 in S. cerevisiae and ApsA in A. nidulans. We investi-
gated role ofMoAND1 in nuclear dynamics by targeted gene deletion
and assessed the effect of its deletion on nuclear movement and
positioning during infection-associated development. Our study
illuminates the link between nuclear dynamics and fungal
pathogenesis.
2. Materials and methods
2.1. Fungal strains and culture conditions
M. oryzaewild-type strain KJ201 and ATMT (Agrobacterium tum-
efaciens-mediated transformation) mutants used in this study wereobtained from the Center for Fungal Genetic Resources (CFGR,
http://genebank.snu.ac.kr). All strains were maintained on oatmeal
agar media (OMA, 5% oat meal (w/v), 2.5% agar powder (w/v)) or
V8 juice agar media (8% V8 juice (w/v), 1.5% agar powder (w/v),
pH6.7) at 25 C under the constant ﬂuorescent light. Mycelia of
the wild-type strain and the transformants cultured on liquid com-
plete media (0.6% yeast extract (w/v), 0.6% casamino acid (w/v) and
1% sucrose (w/v)) at 25 C with agitation (150 rpm), were used for
genomic DNA and RNA extraction.
2.2. Sequence analysis
Nucleotide and protein sequences were taken and analyzed on
Comparative Fungal Genomics Platform (http://cfgp.snu.ac.kr/)
(Choi et al., 2013; Park et al., 2008). Domain architectures were
drawn by using InterProScan (Mulder et al., 2005).
2.3. Nucleic acid manipulation
Genomic DNA extraction was performed using two different
procedures, depending on the purpose. Genomic DNA for PCR-
based screening was extracted by quick extraction method (Chi
et al., 2009). Genomic DNA for restriction enzyme digestion and
Southern hybridization analysis was isolated as previously
described (Rogers and Bendich, 1985). Agarose gel separation,
restriction enzyme digestion and Southern hybridization analysis
were performed following standard procedures (Sambrook et al.,
1989). DNA fragments for DNA hybridization probes were labeled
with 32P by using Rediprime™ II Random Prime Labeling System
kit (Amersham Pharmacia Biotech, Piscataway, NJ, USA) according
to the manufacturer’s instructions.
2.4. Construction of the MoAND1 deletion mutants and complemented
mutants
The knock-out construct was prepared by ligating 1.4 kb of
hygromycin B phosphotransferase (HPH) cassette with 1 kb 50
and 30 ﬂanking regions of target genes via double-joint PCR (Yu
et al., 2004). Hygromycin-resistant transformants were selected
on TB3 agar media (0.3% yeast extract (w/v), 0.3% casamino acids
(w/v), 1% glucose (w/v), 20% sucrose (w/v) and 0.8% agar powder
(w/v)) supplemented with hygromycin B (200 ppm ﬁnal concen-
tration). Complementation construct was prepared by PCR ampliﬁ-
cation of the gene and ﬂanking sequences from genomic DNA of
the wild-type strain. This construct and the geneticin fragment iso-
lated from pII99 were co-transformed into protoplasts obtained
from DMoand1. Complemented mutants were selected on media
supplemented with geneticin (400 ppm) and screened for the res-
toration of wild-type phenotypes. Primers used are listed in Sup-
plementary Table 1.
2.5. Mycelial growth, conidiation, conidial morphology, conidial
germination and appressorium formation
Mycelial growth was quantiﬁed by measuring the diameter of
fungal colonies on minimal agar media and complete agar media.
Conidiation was measured by counting the number of asexual
spores using a hemacytometer under a microscope. Conidia were
collected from 7-day-old V8 juice agar plates with 5 ml sterilized
distilled water. Conidial morphology was observed under a micro-
scope and the width and length were measured. Conidiophore
development was monitored as previously described (Lau and
Hamer, 1998). Conidial germination and appressorium formation
were observed on plastic coverslips. 40 ll of conidial suspension
with concentration adjusted to 2  104 conidia per millimeter
was dropped onto coverslips with three replicates and incubated
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of incubation, germination rate was determined by counting ger-
minated conidia over the total number of conidia. The rate of
appressorium formation was determined by measuring the per-
centage of conidia forming appressoria out of all germinated con-
idia at 8 and 16 hours post incubation.
2.6. Fluorescence microscopy
Fluorescence and DIC imaging was done using a Zeiss Axio Ima-
ger A1 ﬂuorescence microscope (Carl Zeiss, Oberkochen,Germany).
A ﬁlter set with excitation at 546/12 nm and emission at 590 nm
was used for red ﬂuorescence protein (RFP) observation and another
ﬁlter set with excitation at 365 nm and emission at 445/50 nm was
used for the observation of calcoﬂuor white staining.
2.7. Pathogenicity and leaf sheath injection
For pathogenicity assay by spray inoculation, conidia were col-
lected from 7-day-old V8 juice agar media. 10 ml of ﬁltered conid-
ial suspension adjusted to 5  104 conidia per millimeter
containing Tween 20 (250 ppm ﬁnal concentration) was sprayed
onto rice seedlings (Oryza sativa cv. Nakdongbyeo) of three- to
four-leaf stage. Inoculated rice seedlings were placed in a dew
chamber for 24 h in the dark at 25 C. Then they were transferred
to the growth chamber (25 C, 80% humidity and photoperiod of
16 h with ﬂuorescent lights). Disease symptom development was
evaluated at 7 days post inoculation. Wound inoculation was car-
ried out with drops of conidial suspension (105 cells per milliliter
ﬁnal concentration) on detached rice leaves. Drops of conidial sus-
pension (20 ll) was placed upon sites wounded using a pipette tip
and incubated in a moistened box for seven days at room temper-
ature (Kim et al., 2009).
For leaf sheath inoculation, ﬁltered conidia suspension adjusted
to 2  104 conidia per millimeter and rice sheaths of four to six leaf
stage were used (Koga et al., 2004). Conidial suspension was
injected into excised rice sheaths and incubated in a moistened
box for 24 and 48 h at room temperature. Chlorophyll-enriched
plant parts were trimmed off from the inoculated rice sheaths fol-
lowing incubation. Remnant epidermal layers of the mid vein
(three to four cell layers thick) were examined for penetration
and proliferation of the fungus within the rice cells under
microscope.3. Results
3.1. Identiﬁcation and expression of an ortholog of apsA gene
in M. oryzae
By BLASTP search using Num1 and ApsA sequences as queries,
we found a gene (MGG_02961.7, designated asMoAND1 (Abnormal
Nuclear Distribution 1)) encoding a protein of 1935 amino acids in
the genome of M. oryzae. This gene showed signiﬁcant similarities
to Num1 in S. cerevisiae (35.93%), Mcp5 in S. pombe (20.32%), ami1
in Podospora anserina (49.56%), and ApsA in A. nidulans (34.74%)
(Fischer and Timberlake, 1995; Graia et al., 2000; Heil-
Chapdelaine et al., 2000; Saito et al., 2006). In S. cerevisiae, Num1
is known to form discrete patches at the cell cortex. This localiza-
tion requires C-terminal membrane-targeting Pleckstrin homology
(PH) domain, which binds phosphoinositide PI(4,5)P2 (Heil-
Chapdelaine et al., 2000). Recently, the coiled-coil region in the
N-terminus of Num1 was shown to be necessary for the formation
of functional dynein-anchoring patches (Tang et al., 2012). Analysis
of domain architecture for the predicted amino acid sequences
(1934 amino acids) showed that MoAND1 contains both thecoiled-coil motifs in N-terminal and the Pleckstrin homology
domain in C-terminal region (Fig. 1). The two domains were con-
served in all Num1-related proteins in ascomycete fungi, although
the number of coiled-coil motifs exhibited variation in copy
number.
3.2. Targeted deletion of MoAND1 and nuclear distribution in fungal
hyphae
To determine whether MoAND1 is involved in regulating
nuclear distribution, targeted deletion of MoAND1 was carried
out. The knockout construct was generated by modiﬁed double-
joint PCR, through which 1 kb ﬂanking sequences of the target
gene were ampliﬁed and fused to a hygromycin-resistance gene
cassette. The resulting PCR product was puriﬁed and directly used
for transformation of protoplasts prepared from the wild-type
strain KJ201 (Fig. 2A). The hygromycin-resistant mutants resulting
from protoplast transformation were screened by diagnostic PCR.
Correct replacement event at the target locus by homologous
recombination was conﬁrmed in one mutant by Southern blot
analysis (Fig. 2B). This mutant strain was used for further
characterization.
The apsAmutant of A. nidulans showed little or no defect in veg-
etative growth but displayed uneven distribution of nuclei along
the hyphae. In accordance with this, the radial growth was margin-
ally affected in the DMoand1 mutant (Fig. 2C and Table 1). How-
ever, the mutant was much more sensitive to a microtubule-
destabilizing agent, benomyl, suggesting the dependency of
MoAND1 on microtubules (Supplementary Fig. 1). In order to visu-
alize the nuclear distribution in fungal hyphae, we introduced the
histone H1:red ﬂuorescent protein (RFP) gene fusion construct into
the wild-type and the mutant strain, and examined the nuclear dis-
tribution. In the wild-type strain, nuclei were fairly evenly distrib-
uted along the hyphal axis. On the contrary, in DMoand1 mutant,
the distance between adjacent nuclei was highly irregular, which
is reminiscent of the apsA mutant (Fig. 2D). We also noticed that
the positions of septa were altered in the mutant. These data sug-
gest thatMoAND1 is likely to be a functional homolog of ApsA gene
and is required for proper nuclear distribution in M. oryzae.
3.3. Asexual reproduction of the DMoand1 mutant
In DMoand1, we found that asexual reproduction is signiﬁcantly
impaired. The ability to produce conidia (conidiation) is only
approximately 35% of wild-type level (Table 1). When we checked
conidiogenesis on conidiophores, the apparent number of conidio-
phores in the mutant was comparable to that of the wild-type.
However, the majority of the mutant conidiophores gave rise to a
single spore in contrast to the wild-type bearing three to ﬁve
spores in a sympodial manner (Fig. 3A). During conidiogenesis on
conidiophores in the wild-type, after formation of the ﬁrst spore,
the active apical tip moves to the side to produce the next one,
resulting in a sympodial pattern. This suggests that the apical tip
movement may be arrested in DMoand1. Moreover, over 90% of
the mutant conidia displayed aberrant morphologies. When we
classiﬁed the mutant conidia into ﬁve types depending on size
and septation pattern, those with wild-type-like morphology (type
3) accounted for only 8% and other types of aberrant morphologies
accounted for 11–47% of total conidia produced by the mutant
(Fig. 3B and C). The wild-type strain rarely produced two-celled
conidia (type 2: 5%). Staining of nuclei by Hoechst 33342 revealed
that some cells are multi-nucleated and others are devoid of visible
nuclei (Fig. 3B middle panels). InM. oryzae, nuclear division is gen-
erally coupled to cytokinesis so that one cell demarcated by septa
contains a single nucleus. The uneven distribution of nuclei in the
mutant spores suggests that MoAND1 is necessary for the coupling
Fig. 1. Schematic diagram of MoAND1 and the ApsA family proteins. The location of the coiled-coil motif (light green) and the PH domain (light red) are indicated. These
motifs were identiﬁed by SMART (http://smart.embl-heidelberg.de/).
Fig. 2. Nuclear distribution in wild-type and MoAND1 deletion mutant. Gene replacement strategy for MoAND1 (MGG_02961) (A). A thick gray bar below HPH (hygromycin
phosphotransferase) cassette represents the location of probe used in Southern blot analysis (B). H, HindIII. Vegetative growth (C) and nuclear distribution along hyphae (D)
were compared between wild-type and mutant strain. Upper and lower arrows indicate position of septa and nuclei, respectively. DIC, differential interference contrast; CFW,
calcoﬂuor white; H1:RFP, construct expressing histone H1 fused with red ﬂuorescent protein. Scale bar = 10 lm.
Table 1
Vegetative growth, conidiation, germination, and appressorium formation in DMoand1, compared to wild-type and complementation strain.
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copy of MoAND1 gene back into the mutant complemented all
the defects in asexual reproduction (Table 1 and Fig. 3). Our dataindicate that MoAND1-mediated regulation of nuclear positioning
is critical for efﬁcient conidiation and establishment of correct
conidial morphology.
Fig. 3. Asexual reproduction in wild-type, DMoand1 and complementation strain (MoAND1c). Conidiophore development and conidiogenesis at the conidiophores were
compared among wild-type, mutant, andMoAND1c (A). Conidial morphology was classiﬁed (B) and quantiﬁed (C) depending on pattern of septation and nuclear distribution
Upper, middle, and lower panels in B shows DIC images, nuclear distribution via Hoechst 33342 staining, and schematic diagram of spore morphology with nuclear positions,
respectively. At least 100 spores per strain were assessed for morphological categorization (n = 102, 121, and 106 for wild-type, DMoand1, and MoAND1c, respectively) (C).
Scale bar = 10 lm.
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Given the abnormalities in conidial morphology and nuclear
distribution in DMoand1, we asked if the mutant conidia are still
capable of germinating. When conidia were placed on plastic cov-
erslips, only about 38% of conidia germinated in the mutant, com-
pared to wild-type conidia of which 96% germinated (Table 1).
Interestingly, germination rate of the mutant conidia was depen-
dent on the aforementioned morphological types. Almost all the
conidia with wild-type-like morphology (type 3) retained the abil-
ity to germinate, while none of the type 1 conidia germinated
(Fig. 4A). Other types showed germination rate of 30–40% on
average.
Such defect in germination prompted us to check the viability of
spores with FUN-1 staining. FUN-1 is a two-color ﬂuorescent via-
bility probe that passively diffuses into cells. Live cells process
the dye and produce compact intra-vacuolar structures with red
ﬂuorescence, which requires both plasma membrane integrity
and metabolic capability (Kim et al., 2005). We observed that,
except for type 1 mutant spores, FUN-1 staining of both wild-type
and mutant spores resulted in punctate structures with red ﬂuo-
rescence, indicating that the mutant spores are viable. In type 1
spores, red ﬂuorescence was diffusely distributed without distinctstructures, complicating the interpretation of the staining result.
To determine the viability of type I spores, we employed an alter-
native staining using Phloxine B, which is absorbed in all cells but
can be pumped out only in metabolically active cells, leaving dead
cells ﬂuorescent (Noda, 2008). The mutant spores, regardless of
morphology types, remained as colorless as the wild-type after
staining, indicating that the type I spores are metabolically active
as well (Supplementary Fig. 1). We concluded that all the mutant
spores are viable and therefore the lack of viability is not the cause
of germination failure.
One of the key factors that affect conidial germination is the
ability of conidia to adhere to surfaces (Hamer et al., 1988). To test
for the relevance of adherence to the germination defect in the
mutant, conidia were placed on a plastic coverslip and incubated
for an hour before brieﬂy washing with water to remove any unat-
tached conidia. Then the attached spores were counted and classi-
ﬁed according to their types. We found that the mutant conidia
attached to the surface were enriched in type 3, type 2, type 4,
and type 5 conidia, whereas the type 1 conidia, which were the
most abundant in the original spore suspension, were depleted in
the ﬁnal population of conidia attached to the surface (Fig. 4C).
This result points out that attachment defect is the primary reason
for germination failure of the mutant conidia.
Fig. 4. Conidial germination (A), viability (B) and attachment to the surface (C) in the DMoand1 mutant. For each type of conidial morphology, at least 100 spores were
counted for obtaining germination rate deﬁned as (germinating conidia)/(total number of conidia)  100 (A). Viability of spores was tested by staining with ﬂuorescent dye
FUN-1 (live/dead yeast viability stain) (B). Conidial attachment was assessed on plastic coverslip. Conidia attached to the surface following brief washing with water was
counted and assessed for their types (n = 122) (C). Scale bar = 10 lm.
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On inductive surface, 35% of germinated mutant spores were
able to differentiate appressoria at germ tube tips, whereas the
wild-type showed over 93% of appressorium formation rate
(Table 1). Considering the germination rate of 40%, this resulted
in only14% of the total number of mutant spores forming appres-
soria. Furthermore, the mutant tends to develop an additional
appressorium-like structure more frequently than the wild-type
from a single spore (Fig. 5A).
When we monitored nuclear distribution during appresso-
rium formation in the wild-type and mutant strains expressing
histone H1:RFP, we found striking differences between two
strains. In the wild-type, one nucleus moved into the incipient
appressorium and the other moved back to the spore after a sin-
gle mitotic division at the germ tube, which is consistent with a
previous report (Veneault-Fourrey et al., 2006). In the mutant,
however, the nucleus inside the appressorium frequently under-
went mitosis, resulting in two nuclei. The nucleus in some germ
tubes lingered and underwent mitosis as well. When nuclei
showed abnormal number and distribution during appressorium
formation, many of the mutant spores did not collapse at 24 hpi,
indicating the lack of or delay of autophagic cell death in these
conidia.3.6. Pathogenicity of the DMoand1 mutant
To test if the mutant appressoria is functional, rice sheath of
a susceptible cultivar, Nagdongbyeo was inoculated with conidial
suspensions and observed at 24 and 48 hours post inoculation
(hpi). The wild-type strain penetrated into plant cells via appres-
soria at 24 hpi and developed bulbous ramifying invasive hyphae
that ﬁlled the ﬁrst cell and invaded neighboring cells at 48 hpi
(Fig. 6A and B). However, most mutant appressoria penetrated
the host cells at around 36 hpi and invasive growth was primar-
ily conﬁned within the ﬁrst host cell at 48 hpi (Fig. 6A and B).
We checked for invasive growth independently by allowing the
fungus to infect host plants via wounds without appressorium-
mediated penetration. Wound inoculation showed that the
mutant is capable of growing inside plant tissues as efﬁciently
as the wild-type (Fig. 7A). In combination with the appressorium
formation rate of 14%, such delay in penetration and initial
invasive growth resulted in fewer and smaller lesions when
the mutant spores were spray-inoculated onto a susceptible rice
cultivar, Nagdongbyeo, compared to the wild-type and comple-
mentation strain (Fig. 7B). These results indicate that correct
nuclear positioning mediated by MoAND1 may be of greater sig-
niﬁcance in the pre-penetration stages of infection than in post-
penetration.
Fig. 5. Appressorium formation rate (A) and nuclear dynamics during appressorium formation (B) in wild-type and mutant. Appressorium formation rate (%) = (number of
conidia developing appressoria)/(number of germinated conidia)  100. For visualization of nuclei during appressorium formation, strains carrying a construct expressing
H1:RFP were used in ﬂuorescence microscopy (B). Scale bar = 10 lm.
Fig. 6. Penetration and invasive growth of the mutant and wild-type. Penetration
and invasive growth were monitored (A) and quantiﬁed (B) using sheath inocu-
lation method on a susceptible rice cultivar Nagdongbyeo at 24 and 48 hours post
inoculation. Scale bar = 30 lm.
Fig. 7. Wound- (A) and spray-inoculation (B) with the mutant and wild-type on a
susceptible rice cultivar, Nagdongbyeo. Rice leaves were wounded by pipet tip and
a drop of spore suspension was placed on each wounding site (A). Spore
suspensions were sprayed onto rice plants grown in pot (B). Disease lesions were
evaluated and sampled at 5 and 7 dpi for wound-inoculation and spray-inoculation
respectively.
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In this study, we aimed to determine the relationship between
nuclear positioning and fungal development in a plant pathogenic
fungus, M. oryzae through characterization of a gene encoding a
putative cell cortex protein, MoAND1. The MoAND1 proteindisplays high sequence similarity to Num1 in S. cerevisiae, ApsA
in A. nidulans, and ami1 in P. anserina, all of which are involved
in nuclear migration and positioning. In S. cerevisiae, Num1 is asso-
ciated with the cell cortex of mother cells and bud tip, and controls
nuclear migration by affecting microtubule functions (Farkasovsky
and Kuntzel, 1995; Heil-Chapdelaine et al., 2000). In num1 mutant
strain, it was shown that the order of nuclear migration and
nuclear division events is reversed, compared to the wild-type
where nuclear migration to the bud neck of occurs before mitosis
(Kormanec et al., 1991). In the ﬁlamentous fungi A. nidulans and
P. anserina, disruption of the genes ApsA and ami1 led to uneven
nuclear distribution along the hyphae, although the disruption of
ami1 led to defects not only in conidiation but also in sexual
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resulted in the same defect in distribution of hyphal nuclei and
had little effect on growth. These data suggest that MoAND1 is
likely to be a functional ortholog of Num1, ApsA, and ami1
(Adames and Cooper, 2000; Graia et al., 2000; Heil-Chapdelaine
et al., 2000; Saito et al., 2006).
The apsA mutant was ﬁrst studied for its absence of conidia
(Fischer and Timberlake, 1995). In the apsA mutant, it was shown
that the primary buds or sterigmata of the conidiophore rarely
become nucleated, blocking downstream developmental events
toward conidiogenesis. This blockage indicates the requirement
of proper nuclear positioning for the progression of developmental
processes. In M. oryzae, deletion of MoAND1 did not result in the
absence of sexual reproduction, but rather, a reduction of 65%.
In A. nidulans, it was speculated that more stringent requirement
for ApsA function during one of the stages in conidiophore devel-
opment than in vegetative growth or other stages of development
is related to the transition from coenocytic to cellular state that
occurs during formation of sterigmata from the surface of the mul-
tinucleate conidiophore vesicle (Fischer and Timberlake, 1995).
However, this does not apply to M. oryzae since it lacks a
coenocytic phase, despite a transient period during appressorium
formation (Roper et al., 2011). This difference may explain why
the defect in conidiation was alleviated in M. oryzae, compared to
A. nidulans.
Although it is difﬁcult to compare the two species due to the
more complex conidiogenesis process in A. nidulans, it is tempting
to speculate that there is a parallel in conidiation between the two
from viewpoint of developmental requirement for nuclear posi-
tioning. In contrast to a sequential differentiation of a vesicle, ste-
rigmata, phialide, and conidia on a conidiophore in A. nidulans, M.
oryzae produces conidia directly from the conidiophore in a sym-
podial pattern by moving the active apical tip following the forma-
tion of the ﬁrst conidium (Lau and Hamer, 1998). The presence of a
single conidium on DMoand1 condiophores suggests that there
should be a developmental checkpoint on proper nuclear position-
ing before the movement of the apical tip on the conidiophore as
the nucleation of sterigmata is prerequisite to downstream events
in A. nidulans.
Depending on the pattern of septation and nuclear distribution,
conidia from the mutant were classiﬁed into ﬁve types. Unlike the
wild-type conidia consisting of three cells, each with a single
nucleus, most mutant conidia, regardless of the types, possessed
cell(s) with either multiple or no nuclei at all. In M. oryzae, mitosis
and cytokinesis are tightly coupled so that individual cells delim-
ited by septa have a single nucleus, except during appressorium
development, which involves spatial uncoupling of mitosis and
cytokinesis (Saunders et al., 2010). In the mutant, it appeared that
multiple mitoses proceeded without cytokinesis in some cells and
cytokinesis occurred without mitosis in other cells during conidio-
genesis, indicating the uncoupling of nuclear division and
cytokinesis in the mutant. This observation suggests that
MoAND1-mediated nuclear positioning is essential for spatiotem-
poral coordination of the cell cycle.
We found that spore germination correlated with conidia types
in the mutant. Conidia with no septa (type 1) were incapable of
germination while the ones with septa showed at least 30% germi-
nation rate, while all types were metabolically active. In the cases
where at least one nucleus exists in each cell of the three-celled
mutant conidia (type 3), germination rate was comparable to that
of the wild-type. The attachment assay revealed that the low ger-
mination rate of the mutant conidia was mainly due to the variable
attachment ability of different types of conidia. However, it is not
clear why the mutant conidia are defective in attachment. This
attachment defect may result from the absence of mucilage
production or the conidial shapes of the mutant may be hydro-dynamically unfavorable for resisting water ﬂow. Although we
have observed some surface attachment of type 1 spores, they
did not germinate at all. This may suggest that at least one round
of mitosis and cytokinesis is required for the germination program
to be executed within a spore.
Around 35% of germinated mutant spores were able to develop
appressoria. Observation of these spores allowed us to examine the
relationship between nuclear positioning and infection-speciﬁc
development in this plant pathogenic fungus. In the mutant strain,
nuclear migration from the apical cell into the germ tube was not
affected but the nucleus frequently did not migrate back to the
spore or migrated in a retarded manner after a single mitosis.
Migration of nucleus back into the spore was hypothesized to sig-
nal for autophagic cell death (Veneault-Fourrey and Talbot, 2007).
In accordance with this hypothesis, we observed that many of the
mutant spores did not collapse at 12 and even 24 hours post incu-
bation. Furthermore, a nucleus in the incipient appressorium of
DMoand1 underwent additional mitosis, which is not observed in
the wild-type, whereas nuclei in non-germinating cells of the
mutant spore remained arrested in cell cycle as in the wild-type
spores. These results suggest that normal nuclear migration pro-
gram during appressorium formation is dependent on the correct
positioning of nuclei.
Failure to execute a normal nuclear migration program partially
compromised appressorium functionality, leading to a delay in
penetration. However, like vegetative growth, the mutant was
not affected in its ability to grow inside host plants, suggesting that
MoAND1-mediated nuclear positioning is relatively unimportant
in hyphal growth. Taken together, our data are consistent with a
role for MoAND1 at the cell cortex as being a part of ancillary
mechanisms that guide migrating nuclei, rather than being basic
machinery whose disruption interferes with nuclear migration
(Fischer and Timberlake, 1995). Here we reported how such mech-
anisms conserved across fungal species are co-opted to contribute
to fungal pathogenesis. We showed that infection-speciﬁc develop-
ment is contingent on correct nuclear positioning during asexual
development. Therefore, there is a stringent developmental
requirement for proper migration and positioning of fungal nuclei
mediated by MoAND1 during asexual reproduction and pre-pene-
tration phase of fungal pathogenesis.
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